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(57) Abstract: In one embodiment, 
a shaft-mounted electrode for 
ablating tissue comprises an end 
portion and a middle portion. The 
end portion is configured differently 
than the middle portion such that, 
when the electrode is energized, the 
ratio of a first density of ablation 
energy that is emitted in a vicinity of 
the end portion to a second density 
of ablation energy that is emitted in a vicinity of the middle portion is lower than the ratio would be if the end portion were 
configured the same as the middle portion. In another embodiment, a shaft-mounted electrode for ablating tissue comprises at 
least two separate coiled conductors having interleaved spirals. 



3 



* 



THIS PAGE BLANK (use o 



WO 2004/045442 M| ii PCT/US2003/036488 



ELECTROPHYSIOLOGY CATHETER WITH ABLATION ELECTRODE 

Background 

The human heart is a very complex organ, which relies on both muscle 
contraction and electrical impulses to function properly. The electrical impulses travel 
5 through the heart walls, first through the atria and then the ventricles, causing the 
corresponding muscle tissue in the atria and ventricles to contract. Thus, the atria 
contract first, followed by the ventricles. This order is essential for proper functioning of 
the heart. 

In some individuals, the electrical impulses of the heart develop an irregular 
10 propagation, disrupting the heart's normal pumping action. The abnormal heartbeat 

rhythm is termed a "cardiac arrhythmia." Arrhythmias may occur when a site other than 
the sinoatrial node of the heart is initiating rhythms (i.e., a focal arrhythmia), or when 
electrical signals of the heart circulate repetitively in a closed circuit (i.e., a reentrant 
arrhythmia). 

15 Techniques have been developed which are used to locate cardiac regions 

responsible for the cardiac arrhythmia, and also to disable the short-circuit function of 
these areas. According to these techniques, electrical energy is applied to a portion of 
the heart tissue to ablate that tissue and produce scars which interrupt the reentrant 
conduction pathways or terminate the focal initiation. The regions to be ablated are 

20 usually first determined by endocardial mapping techniques. Mapping typically involves 
percutaneously introducing a catheter having one or more electrodes into the patient, 
passing the catheter through a blood vessel (e.g. the femoral vein or artery) and into an 
endocardial site (e.g., the atrium or ventricle of the heart), and deliberately inducing an 
arrhythmia so that a continuous, simultaneous recording can be made with a 

25 multichannel recorder at each of several different endocardial positions. When an 
arrythormogenic focus or inappropriate circuit is located, as indicated in the 
electrocardiogram recording, it is marked by various imaging or localization means so 
that cardiac arrhythmias emanating from that region can be blocked by ablating tissue. 
An ablation catheter with one or more electrodes can then transmit electrical energy to 

30 the tissue adjacent the electrode to create a lesion in the tissue. One or more suitably 

positioned lesions will typically create a region of necrotic tissue which serves to disable 
the propagation of the errant impulse caused by the arrythromogenic focus. Ablation is 
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carried out by applying energy to the catheter electrodes. The ablation energy can be, for 

example, RF, DC, ultrasound, microwave, or laser radiation. 

It is known that, rather than using a cylindrical or ring-shaped electrode, an 

electrode may be formed by wrapping a conductor successively around a catheter so that 
5 adjacent "windings" of the conductor touch each other. Such a configuration is 

generally employed to simulate the electrical behavior of a ring shaped electrode but at 

the same time to make the electrode-covered portion of the catheter flexible, thereby 

permitting the electrode to form curved lesion patters. 

It is also known that certain physical and electrical advantages can be achieved. 
10 by introducing spaces between the successive windings of the electrodes. Such 

advantages are discussed, for example, in U.S. Patent No. 6,030,382 ("the '382 patent"). 

The electrode configurations described in the '382 patent, however, still suffer from a 

number of significant drawbacks that limit their performance capabilities. Those 

disadvantages, and the manner in which various aspects of the invention can be 
15 employed to overcome them, are discussed below. 



Summary of the Invention 

According to one aspect of the present invention, a shaft-mounted electrode for 
ablating tissue comprises an end portion and a middle portion. The end portion is 
20 configured differently than the middle portion such that, when the electrode is energized, 
the ratio of a first density of ablation energy that is emitted in a vicinity of the end 
portion to a second density of ablation energy that is emitted in a vicinity of the middle 
portion is lower than the ratio would be if the end portion were configured the same as 
the middle portion. 

25 According to another aspect of the invention, a shaft-mounted electrode for 

ablating tissue comprises at least an end portion and a middle portion, and has at least 
one energy emitting area configured in a shape other than a coil. At least the middle 
portion is configured and arranged to introduce edge effects in the middle portion such 
that, when the conductor is energized, the ratio of a first density of ablation energy 

30 emitted in a vicinity of the end portion to a second density of ablation energy em itted in a 
vicinity of the middle portion is lower than the ratio would be if the electrode were not 
configured and arranged to introduce such edge effects in the middle portion. 
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According to another aspect, a shaft-mounted electrode for ablating tissue 
comprises at least two separate coiled conductors having interleaved spirals. 

According to yet another aspect, a shaft-mounted electrode for ablating tissue 
comprises a coiled conductor having spaces between at least some of its spirals. The 
5 electrode is mounted on the shaft such that at least a portion of an end of the electrode is 
disposed at least partially below an annular surface of the shaft that is adjacent the end of 
the electrode. 

According to yet another aspect, a shaft-mounted electrode for ablating tissue 
comprises an end portion and a middle portion, and has at least one energy emitting area 
10 configured in a shape other than a coil. The electrode further comprises means for 
introducing edge effects in at least the middle portion. 

Brief Description of the Drawings 

Fig. 1 is a block diagram illustrating a system in which embodiments of the 
15 present invention may be employed; and 

Figs. 2-11 each shows a distal end of a catheter having one or more electrodes 
mounted on it in accordance with a respective embodiment of the invention. 



Detailed Description 

20 A conventional ring-shaped electrode exhibits a non-uniform electric field when 

energized. Tn particular, the electric field will be strongest at the ends of the electrode 
due to the increased current density caused by so-called "edge effects" (also sometimes 
referred to as "fringing" or "charge crowding") in those regions. Coiled electrodes that 
have abutting windings, like those depicted in Figs. 5 and 6 of the '382 patent, behave 

25 similarly to conventional electrodes in terms of their exhibited edge effects. 

Recognizing the foregoing, two alternative approaches are disclosed herein for 
ameliorating this undesirable result. The resulting structures are electrodes that can 
create at least same basic types of lesion patterns as conventional electrodes, but that 
emit ablation energy of a more uniform density along the electrode's entire length, 

30 thereby creating more uniform lesion patterns than their predecessors. 

The first such approach disclosed herein involves introducing additional edge 
effects throughout the electrode to thereby minimize the adverse impact of the edge 
effects at the ends. That is, edge effects may be created intentionally at least in the 
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middle portion of the electrode so as to bring the current density in the middle portion of 
the electrode more in line with the enhanced current density caused by the edge effects at 
the ends. A number of alternative techniques and structures for achieving this basic 
objective are disclosed below. Although the '382 patent discloses coiled electrodes 

5 having spaces between coil windings (e.g., Figs. 7 and 8) that would appear to inherently 
achieve the goal of introducing edges throughout a coiled electrode, the teaching of the 
*382 patent is limited to coil electrodes. It does not disclose or suggest introducing 
additional edges into any other type of electrode structure. 

As the gaps between spirals of a coiled electrode become smaller, more 

10 electromagnetic coupling occurs between the spirals and the electrode behaves more like 
a conventional ring electrode insofar as edge effects at the electrodes' ends are 
concerned. The benefit of introducing additional edges throughout the electrode 
therefore diminishes as the spirals are brought closer together. It is thus desirable to 
keep the gaps relatively large so as to maximize that benefit. If the gaps are made too 

15 large, however, the electrode may not ablate tissue evenly, i.e., a scalloped, rather than 
uniform, ablation patter may result. Advantageously, in accordance with an aspect of the 
invention, the spirals of two or more electrically isolated electrodes may be interleaved 
with each other so that the width of the gaps between each electrode's spirals can be 
increased, while still creating a uniform lesion pattern by separately energizing each of 

20 the respective electrodes. 

The second approach disclosed herein for minimizing the adverse impact of edge 
effects in an ablation electrode involves somehow causing the portions of the electrode 
that are subjected to higher current densities due to edge effects to be responsible for 
ablating more tissue than the other portions of the electrode, thereby ensuring that the 

25 tissue along the entire path of an intended lesion pattern is subjected to a substantially 
uniform density of ablation energy. A number of techniques for achieving this objective 
also are disclosed, including, for example, separating spirals of a coiled electrode at 
locations near the ends of the electrode, while not separating, or separating to a lesser 
extent, the spirals in the inner portion of the coiled electrode. 

30 It should be appreciated that coiled electrodes having uniform spacing between 

adjacent windings, like those depicted in Figs. 7 and 8 of the '382 patent (discussed 
above), also suffer from "edge effects" at their ends. Indeed, as noted above, the 
significance of the edge effect at the ends of such a coiled electrode tends to increase as 
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the spacing between the spirals becomes smaller. Notably, in an effort to maximize the 
flexibility of its electrodes and facilitate the placement of temperature sensing elements, 
the *382 patent suggests exactly the opposite approach as that suggested herein. That is, 
for the electrodes depicted in Figs. 12 and 13 of the '382 patent, it is suggested that the 
5 electrode windings be spaced closer together at the electrode's ends than in the middle. 
This suggested spacing of the windings would tend to exacerbate the edge effect problem 
of the electrode, rather than ameliorate it, because the portions of the electrode having 
the highest current densities would also be the portions having the largest number of 
windings per unit length. 

10 Fig. 1 illustrates an overview of a catheter system that may be used in 

electrophysiology procedures in accordance with embodiments of present invention. The 
system may include a catheter 1 having a flexible shaft 3 and a control handle 5. An 
ablation energy generator 7 may be used for generating ablation energy when the 
catheter 1 is used in ablation applications, and may transmit ablation energy to the 

15 catheter 1 via a controller 9 and a cable 11. A recording device 13 may optionally be 
included in the catheter system to record signals originating from the catheter 1, e.g., 
from an electrode or temperature sensor on the catheter. 

The controller 9 may, for example, be a QUADRAPULSE RF CONTROLLER™ 
device available from C.R. Bard, Inc., Murray Hill, New Jersey. As shown, the ablation 

20 energy generator 7 may be connected to the controller 9 via a cable 1 5. The recording 
device 13 may be connected to the controller 9 via a cable 17. When used in an ablation 
application, the cohltoller 9 may be used to control ablation energy, provided by the 
ablation energy generator 7, to the catheter 1. When used in a recording application, the 
controller 9 may be used to process signals from the catheter 1 and provide these signals 

25 to the recording device 13. Although illustrated as separate devices, the ablation energy 
generator 7, recording device 13, and/or controller 9 may be incorporated into a single 
device. It should further be appreciated that although both the ablation energy generator 
7 and recording device 1 3 are illustrated in Fig. 1 , both of these devices need not be 
incorporated in the catheter system in accordance with the present invention. 

30 Although the embodiment of Fig. 1 and the description that follows shows and 

describes the electrode 21 as being mounted on a catheter, it should be appreciated that 
an electrode configured according to one or more aspects of the invention may 
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alternatively be mounted on any type of shaft or probe, and the invention is not 
necessarily limited to a catheter-mounted electrode. 

As shown, the catheter 1 of Fig. 1 may include a distal end 19 having an 
electrode 21, As described below, a number of different constructions are possible for 
5 the one or more electrodes that may be included on the distal end 1 9 of the catheter I , or 
other electrode-carrying device. 

Fig. 2 illustrates the distal end 19 of the catheter 1 (Fig. \ J having an electrode 23 
shaped in a coil configuration, similar to the electrodes shown, for example, in Figs. 5 
and 6 of the c 382 patent (discussed above). Like those electrodes, the coil shape of the 

10 electrode 23 permits it to be flexed to at least some degree. The electrode 23 may be, for 
example, between approximately 4 mm and 10 mm in length so as to provide a sufficient 
surface area for tissue ablation. Flexibility of the electrode 23 may be useful, for 
example, when the catheter 1 is a steerable catheter, so that the electrode may be flexed 
as the corresponding portion of the shaft 3 is maneuvered. Flexibility of electrode 23 

15 may also be useful for conforming the electrode to anatomy and for use with catheters 
that are shaped to or have the capability of conforming to anatomy. 

Unlike the electrodes disclosed in the '382 patent, the conductors of the electrode 
23 are recessed within the outer circumferential surface of the distal end 19 so as to 
provide a low or flush profile. A low or flush profile may increase the safety of the 

20 catheter by reducing the risk of damage to the tissue caused by the electrode. While the 
embodiment of Fig. 2 shows an electrode that is fully recessed, i.e., the outer surface of 
the electrode 23 is substantially flush with the outer surface of the portions of the 
catheter body that abut the edges 25, it should be appreciated that the electrode may 
alternatively be recessed only partially within the catheter body so that the windings of 

25 the electrode 23 protrude slightly above the outer surface of the body of the catheter 1 . 

An electrode constructed in the manner shown in Fig. 2 may possess some 
potentially undesirable electrical properties. For example, when an RF signal is applied 
to such an electrode, electric fields are generated that are distributed within the electrode 
in an uneven manner. Typically, the electric fields will be greatest at the boundaries of 

30 the electrode and, particularly, at any boundary having a sharp transition. As noted 
above, this phenomenon is variously referred to as an edge effect, fringing, or charge 
crowding. In the electrode 23 of Fig. 2, the greatest edge effect occurs at each end 25 of 
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the electrode. A similar edge effect may be observed at the ends of a conventional ring- 
shaped electrode. 

Because an electrode exhibiting edge effects yields an uneven distribution of 
applied RF energy, charring of tissue or coagulation of blood may result if the electrode 
5 is used in an ablation electrophysiology catheter procedure. Further, lesions will tend to 
develop more quickly in tissue in contact with regions of the electrode having a higher 
concentration of RF energy, which may limit the ability of the electrode to create deep 
and/or continuous lesions. An additional challenge exists for electrodes having a longer 
length, as it becomes more difficult to uniformly deliver energy at all points on the 

10 surface of an electrode as the surface area of the electrode increases. 

Fig. 3 illustrates the distal end 19 of the catheter 1 having an electrode 29 in 
accordance with another embodiment of the invention. As shown, the electrode 29 of 
Fig. 3 is similar to the electrodes shown in Figs. 7 and 8 of the '382 patent in that the 
coiled electrode comprises a conductor forming a series of spirals 31, where adjacent 

15 spirals 31 are separated by gaps 33. As with the embodiment shown in Fig. 2, however, 
the spirals of an electrode may be at least partially recessed within the catheter body so 
as to form a flush or low profile. 

The inclusion of gaps 33 between the spirals 3 1 result in edge effects being 
created at the two edges of each spiral 31, along the entire length of the electrode 29, 

20 rather than just at the ends 28 of the electrode 29. Thus, the introduction of these 
additional edges serves to reduce the significance of the edge effects at the ends 28, 
thereby causing the distribution of current densities (and resulting electric field strength) 
to be more uniform along the length of the electrode. In practice, the uniformity in the 
electric field strength between the ends 28 and the middle 30 of the electrode 29 tends to 

25 increase as the width of the gaps 33 increases. The reason this occurs is that, as the gaps 
become smaller, the electromagnetic coupling (or proximity effect) between the spirals 
causes the electrode 29 to behave more like a traditional ring electrode in terms of its 
edge effects, i.e., it exhibits more pronounced edge effects at its ends 28. 

Thus, as the distance between spirals 31 increases, the flux linkage between the 

30 spirals decreases, and a more uniform current density along the length of the electrode 29 
is achieved. However, if the distance between the spirals 31 is too large, the density of 
spirals per unit length may be insufficient to create a beneficial lesion during ablation, or 
an undesirable scalloped lesion pattern may be formed. Thus, it is desirable to choose an 
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optimum balance between reduced electromagnetic influence between spirals and 
efficacy of ablation. This results in more uniform energy delivery and therefore reduces 
charring and increases the uniformity of lesions. In one example implementation of the 
electrode 29 of Fig. 3, the gaps 3 1 are approximately the same width as the spirals 33. 
5 Fig. 4 illustrates an electrode configuration that allows an increased distance 

between spirals, thereby minimizing the edge effect at the ends of the electrode, while at 
the same time maintaining a suitable density of spirals per unit length. As shown, the 
distal end 19 of the catheter 1 may include an ablation electrode 54 comprising a first 
conductor 57 having spirals 56 interleaved between spirals 58 of a second conductor 59. 
10 The first and second conductors 57, 59 of the electrode 54 may be electrically isolated 
from one anther and independently energized. For example, each of the first and second 
conductors 57, 59 may be respectively connected to controller 9 (Fig. 1) via first and 
second wires (not shown), and may receive different signals. In one example, the first 
and second conductors 57, 59 are energized individually in a pulsed sequential fashion 
15 for complete thermal coverage. 

It should be appreciated that a number of variations on the described embodiment 
are possible. For example, an electrode may be provided having three or more 
conductors with interleaved spirals, and such conductors may be energized in a 
sequential or even a random fashion. The spirals of the various conductors may also be 
20 spaced from one another either in a uniform or non-uniform pattern (e.g., with spaces 
between spirals being greater at the ends of the electrode than in the middle), rather than 
being contiguous as shown in the illustrated embodiment, so as to achieve additional 
advantages discussed herein. Moreover, the conductors forming the spirals may be 
completely recessed within the body of the catheter 1 so that the upper surface of the 
25 conductor/body junction is substantially flat (as illustrated in Fig. 4), may be partially 
recessed within the body of the catheter 1 so that only a slight protrusion of spirals 
results, or may simply be disposed on top of the catheter's body without the catheter 
body being recessed in any fashion. 

Fig. 5 illustrates a further embodiment of the invention in which spirals 49 of an 
30 electrode 47 are spaced along the length of the electrode 47 so as to minimize the impact 
of edge effects near the edges 60. In the example embodiment shown, the spirals 49 of 
electrode 47 are contiguous in the center portion 53 of the electrode, while gaps 5 1 exist 
between the spirals 49 in the end portions 55 of the electrode 47. In one implementation, 
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these gaps 51 may be approximately equal in width to the width of the wire of the 
electrode 47. In the configuration of Fig. 5, although the electrode 47 willexhibit an 
uneven current distribution when energized, the evenness of the distribution of heat 
within the tissue along the length of electrode 47 will be improved significantly because 
5 the spirals are spaced further apart in the end portions 55 (where the current densities are 
highest due to edge effects in those regions) than in the middle portion 53. 

Alternatively, as illustrated in Fig. 6, gaps 62 between spirals 66 of an electrode 
61 may be created so that they are largest near the ends 68 of the electrode 6 1 , and 
gradually become smaller toward the middle 70 of the electrode 61. Ideally, a spacing 
10 can be achieved using this technique by which the greater spacing near the ends 68 
accounts exactly for the greater current density in those regions due to edge effects, 
thereby achieving a substantially uniform thermal profile across the entire length of the 
electrode 61. 

As with the other embodiments described above, it should be appreciated that the 
15 conductors forming the spirals in the embodiments of Figs. 5 and 6 may be completely 
recessed within the body of the catheter 1 so that the upper surface of the conductor/body 
junction is substantially flat (as illustrated in Fig. 5), may be partially recessed within the 
body of the catheter 1 so that only a slight protrusion of spirals results, or may simply be 
disposed on top of the catheter's body without the catheter body being recessed in any 
20 fashion (as illustrated in Fig. 6). In the latter two cases, the protrusion of the electrode 
may enhance contact between the electrode and the tissue being ablated. 

In addition, it should be appreciated that the foregoing technique of spacing the 
spirals more closely together in the middle portion of an electrode than near the ends 
may also be employed with a multiple conductor configuration such as that described 
25 above in connection with Fig. 4. 

Although not illustrated, it should be appreciated that a similar effect to that 
described above in connection with Figs. 5 and 6 may be achieved using an electrode 
wire having a non-uniform cross-sectional area. For example, an electrode comprising: 
(I) a first group of spirals at the center that are formed using wire having a relatively 
30 large cross-sectional width, and (2) second groups of spirals at the ends that are formed 
using wire having a relatively smaller cross-sectional width, may achieve a similar 
result. Alternatively, the cross-sectional width of the wire may also increase gradually 
from the ends to the middle of the coiled electrode. In either such embodiment, the 
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spacing of the spirals may be uniform or may form some non-uniform pattern like those 
discussed above in connection with Figs. 5 and 6 (e.g., with larger spaces near the ends 
of the electrode than in the middle). 

Further, although a temperature sensing capability was not described above in 

5 connection with the embodiments of Figs. 2-6, it should be appreciated that such a 

capability may be important during ablation because, without it, overheated tissue may 
explode or char, releasing debris into the bloodstream. Fig. 7 illustrates a cross-sectional 
view of the distal end 1 9 of the catheter 1 in which a temperature sensor 63 is shown 
disposed within a recess 64 below a conductor 72 of an electrode. The temperature - 

10 sensor 63 may be a thermocouple, thermistor, or any other device for sensing 

temperature. Although the temperature sensor 63 is shown disposed below the electrode 
61, the sensor 63 may alternatively be disposed above or adjacent the electrode 61, and 
may be either in direct or indirect contact with the tissue. 

The temperature detected at the distal end 19 may be used to provide feedback for 

15 control of the ablation energy generator 7 (Fig. 1). As shown, the temperature sensor 63 
may be electrically connected to the controller 9 (Fig. 1 ) via a wire 65, which transmits 
temperature information along catheter 1 and the cable 1 1 , which connects the catheter 1 
to the controller 9. The electrode 61 may be electrically connected to the controller 9 via 
a wire 67, which transmits RF energy along catheter 1 and the cable 1 1 . The wire 67 

20 may connected to the end of the electrode (as shown), or may alternatively be connected 
to a middle portion, or some other portion, of the electrode. 

It should be appreciated that any of the embodiments described herein may 
include a temperature sensor configured and arranged in a similar manner as the 
temperature sensor 63 of Fig. 7. Alternatively, some embodiments of the invention may 

25 employ other suitable temperature control techniques such as impedance control or 

power titration of the energy applied to the electrode. Further, the duty cycle of applied 
energy may be selected to allow cooling of the tissue between energy pulses, or the pulse 
width of the applied energy may be selected to avoid overheating of the tissue. 

Figs. 8 and 9 illustrate the distal end 19 of the catheter 1 having non-coiled 

30 electrodes in accordance with further embodiments of the invention. 

For example, Fig. 8 illustrates an electrode 71 having alternate ridges 73 and 
grooves 75. The presence of ridges 73 and grooves 75 creates edge effects along the 
longitudinal length of the electrode 71, at the junctions between the ridges and grooves. 
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Hence, the edge effects that would normally be present at the ends of a ring-shaped 
electrode are present in the electrode 71 . However, the effects are balanced by the edge 
effects present towards the center of the electrode 71 , which tend to cause a more even 
distribution of the electric field when the electrode 71 is energized. Although the 
5 grooves 75 of the electrode 71 form a spiral, it should be appreciated that a number of 
alternative groove configurations may be suitable to create the desired effect. For 
example, circular or linear recesses may be used. Further, although grooves or recesses 
have been described, holes traversing the thickness of the electrode 71 may instead be 
formed. The holes, grooves, and recesses described may be formed using a number of 

10 techniques including, but not limited to, machining or drilling. 

Fig. 9 illustrates an electrode 77 having alternate conductive portions 79 and 
insulative portions 81 at its surface. The insuiative portions 81 may, for example, 
comprise a dielectric interleaved between the conductive portions 79 in a spiral 
formation. Alternatively, the insulative portions 81 may be comprise a dielectric layer 

15 formed on the surface of the electrode 77. As similarly described above in connection 
with Fig. 8, the presence of conductive portions 79 and insulative portions 81 creates 
edge effects along the longitudinal length of the electrode 77, at the junctions between 
the insulative and conductive portions. With such a configuration, the edge effects at the 
ends 82 of the electrode 77 are balanced by the edge effects introduced towards the 

20 center 84 of the electrode 77, thereby causing a more even distribution of the electric 
field when the electrode 77 is energized. Although the insulative portions 81 form a 
spiral in the example shown, it should be appreciated that a number of alternative 
configurations may be suitable to create the desired effect. For example, circular or 
linear insulative portions 81 may be used. The insulative portions 81described may be 

25 formed using a number of techniques including, but not limited to, masking or laser 
stripping of insulation. * 

It should be appreciated that the technique of using some sort of insulative or 
dielectric material 81 to form the pattern shown in Fig. 9 may similarly be employed to 
emulate any of the other electrode patterns described herein, and thereby achieve similar 

30 results. For example, rather than winding conductors about the catheter 19 in the manner 
shown in Figs. 3, 5 and 6 above, a dielectric material could instead be drawn or 
otherwise disposed onto the portions of a conventional ring electrode at the locations 
corresponding to the gaps between the spirals illustrated in those examples. 
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Fig. 10 illustrates the distal end 19 having a pair of electrodes 69a and 69b, which 
may be configured to create a uniform lesion during ablation. It should be appreciated 
that two or more electrodes may be included on the distal end 19 for any of the 
embodiments described herein, and that any combination of described electrodes may be 
5 used. Further, any of the electrodes described herein may be movable (e.g., slidable) 
along the longitudinal length of the catheter, which may assist in the creation of a linear 
lesion. 

In one example, the electrodes 69a and 69b are formed of a material that is an 
ideal conductor. One exemplary material that is both an ideal conductor and 

10 biocompatible is platinum. In accordance with an alternate embodiment of the invention, 
the electrodes 69a and 69b may be formed of a material that is a non-ideal conductor. A 
non-ideal conductor may include any material that possesses an electric field gradient 
within the material when the material is energized. Stainless steel and tungsten are two 
examples of a material that is both biocompatible and a non-ideal conductor. Non-ideal 

15 conductors tend to exhibit more uniform electric field characteristics than ideal 
conductors. Thus, more even lesion formation may be achieved using a non-ideal 
conductor. In accordance with a further alternate embodiment of the invention, the 
electrodes 69a and 69b may be formed of a material that is a semiconductor or metalloid. 
In one example, a conductive material may be doped to achieve desirable properties. 

20 Any of the electrodes described herein may formed of either an ideal conductor, non- 
ideal conductor, or semiconductor or metalloid material, in accordance with the 
invention. The particular material selected may be chosen according to the desired 
application. 

Fig. 1 1 illustrates the distal end 19 having an arcuate curve 83 and an electrode 
25 85 disposed on a portion of the catheter including the arcuate curve 83. The electrode 85 
may be configured to create a uniform lesion during ablation. The arcuate curve 83 may 
be fixed or may be actively controlled via a steering mechanism of the catheter. It 
should be appreciated that a portion of the distal end 19 may be curved, bent, or steerable 
in any of the embodiments described herein in accordance with the invention. 
30 It should be appreciated that the above-described embodiments are merely 

intended to illustrate possible implementations of the present invention, and various 
modifications and improvements will readily occur to those skilled in the art. Such 
modifications and improvements are intended to be within the spirit and scope of the 
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invention. Accordingly, the foregoing description is by way of example only, and is not 
intended as limiting. 

What is claimed is: 
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CLAIMS 

1 . An apparatus for ablating tissue, comprising: 
a shaft; and 

a tissue-ablating electrode mounted on the shaft, the electrode comprising a first 
5 end portion and a middle portion, wherein the first end portion is configured differently 
than the middle portion such that, when the electrode is energized, the ratio of a first 
density ablation energy that is emitted in a vicinity of the first end portion to a second 
density of ablation energy that is emitted in a vicinity of the middle portion is lower than 
the ratio would be if the first end portion were configured the same as the middle portidn. 

10 

2. The apparatus of claim I, wherein the first end portion of the electrode 
comprises a first section of a coiled conductor, which first section has spirals that are 
spaced apart from one another. 

15 3. The apparatus of claim 2, wherein the middle portion of the electrode 

comprises a second section of the coiled conductor, which second section has spirals that 
are closer together than the spirals of the first section of the coiled conductor. 

4. The apparatus of claim 3, wherein at least two of the spirals in the second 
20 section of the coiled conductor touch each other. 

5. The apparatus of any of claims 1-4, wherein the electrode comprises a 
coiled conductor having spaces between at least some of its spirals, and a cross-sectional 
width of the conductor forming the spirals is narrower in the first end portion than in the 

25 middle portion. 

6. The apparatus of any of claims 1-5, wherein the electrode comprises at 
least two separate coiled conductors having interleaved spirals. 

30 7. The apparatus of any of claims 1-6, wherein the electrode comprises a 

coiled conductor having spaces between adjacent spirals that gradually decrease in size 
beginning at each end of the electrode and ending in a middle of the electrode. 
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8. The apparatus of claim 1, wherein the electrode comprises a conductor of 
a generally cylindrical shape that is partially masked with a non-conductive substance at 
least in the first end portion of the electrode. 

5 9. The apparatus of claim 1 or 8, wherein the electrode comprises a 

conductor of a generally cylindrical shape that has a lower density of energy-emitting 
surface area in the vicinity of the first end portion than in the vicinity of the middle 
portion. 

10 10. The apparatus of any of claims 1 -9, in combination with an ablation 

energy generator to energize the electrode with sufficient energy to ablate tissue. 

11. The apparatus of any of claims 1-10, wherein the shaft comprises a d istal 
end of an elongated catheter. 

15 

1 2. The apparatus of claim 1 1 , wherein the distal end of the elongated 
catheter is steerable. 

13. The apparatus of any of claims 1-12, wherein the electrode is mounted on 
20 the shaft such that at least a portion of an end of the electrode is disposed at least 

partially below an annular surface of the shaft that is adjacent the end of the electrode. 

14. The apparatus of claim 13, wherein the electrode is mounted on the shaft 
such that at an upper surface of the end of the electrode is substantially flush with the 

25 annular surface of the shaft that is adjacent the end of the electrode. 

15. The apparatus of any of claims 1-14, wherein the electrode further 
comprises a second end portion opposite the first end portion, and wherein the second 
end portion is also configured differently than the middle portion such that, when the 

30 electrode is energized, the ratio of a third density of ablation energy that is emitted in a 
vicinity of the second end portion to the second density of ablation energy that is emitted 
in the vicinity of the middle portion is lower than the ratio would be if the second end 
portion were configured the same as the middle portion. 
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1 6. A apparatus for ablating tissue, comprising: 
a shaft; and 

a tissue-ablating electrode mounted to the shaft, the electrode comprising at least 
a first end portion and a middle portion, and having at least one energy emitting area 
configured in a shape other than a coil, wherein at least the middle portion is configured 
and arranged to introduce edge effects in the middle portion such that, when the 
conductor is energized, the ratio of a first density of ablation energy emitted in a vicinity 
of the first end portion to a second density of ablation energy emitted in a vicinity of the 
middle portion is lower than the ratio would be if the electrode were not configured and 
arranged to introduce such edge effects in the middle portion. 

1 7. The apparatus of claim 16, wherein the electrode comprises a conductor 
of a generally cylindrical shape that is partially masked with a non-conductive substance 
at least in the middle portion so as to introduce edge effects in the middle portion. 

1 8. The apparatus of claim 16 or 17, wherein the electrode comprises a 
conductor of a generally cylindrical shape that has a lower density of energy-emitting 
surface area in the vicinity of the first end portion than in the vicinity of the middle 
portion. 

19. The apparatus of any of claims 16-18, in combination with an ablation 
energy generator operatively coupled to the electrode to enable the ablation energy 
generator to transmit sufficient energy to the electrode to ablate tissue. 

20. The apparatus of any of claims 16-19, wherein the shaft comprises a distal 
end of an elongated catheter. 

21 . The apparatus of claim 20, wherein the distal end of the elongated 
catheter is steerable. 



WO 2004/045442 



# 



PCTAUS2003/036488 



17 



10 



15 



20 



22. The apparatus of any of claims 16-21, wherein the electrode is mounted on 
the shaft such that at least a portion of an end of the electrode is disposed at least 
partially below an annular surface of the shaft that is adjacent the end of the electrode. 

23. The apparatus of claim 22, wherein the electrode is mounted on the shaft 
such that at an upper surface of the end of the electrode is substantially flush with the 
annular surface of the shaft that is adjacent the end of the electrode. 

24. The apparatus of any of claims 1 6-23, wherein the electrode further 
comprises a second end portion opposite the first end portion, and wherein at least the . 
middle portion is configured and arranged to introduce edge effects in the middle portion 
such that, when the conductor is energized, the ratio of a third density of ablation energy 
emitted in a vicinity of the second end portion to the second density of ablation energy 
emitted in the vicinity of the middle portion is lower than the ratio would be if the 
electrode were not configured and arranged to introduce such edge effects in the middle 
portion. 

25. A apparatus for ablating tissue, comprising: 
a shaft; and 

a tissue-ablating electrode mounted on the shaft, the electrode comprising at least 
two separate coiled conductors having interleaved spirals. 

26. The apparatus of claim 25, wherein the electrode comprises at least three 
separate coiled conductors having interleaved spirals. 

27. The apparatus of claim 25 or 26, in combination with an ablation energy 
generator operatively coupled to the at least two conductors to enable the ablation energy 
generator to transmit sufficient energy to the at least two conductors to ablate tissue. 



30 



28. The combination of claim 27, in further combination with a controller to 
control transmission of ablation energy from the ablation energy generator to the at least 
two conductors in a pulsed, sequential fashion. 
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29. The apparatus of any of claims 25-28, wherein the shaft comprises a distal 
end of an elongated catheter. 

30. The apparatus of claim 29, wherein the distal end of the elongated 
5 catheter is steerabte. 

3 1 . The apparatus of any of claims 25-30, wherein the electrode is mounted 
on the shaft such that at least a portion of an end of the electrode is disposed at least 
partially below an annular surface of the shaft that is adjacent the end of the electrode. ' 



32. The apparatus of claim 31, wherein the electrode is mounted on the shaft 
such that at an upper surface of the end of the electrode is substantially flush with the 
annular surface of the shaft that is adjacent the end of the electrode. 



a shaft; and 

a tissue-ablating electrode comprising a coiled conductor having spaces between 
at least some of its adjacent spirals, the electrode being mounted on the shaft such that at 
least a portion of an end of the electrode is disposed at least partially below an annular 
20 surface of the shaft that is adjacent the end of the electrode. 

34. The apparatus of claim 33, wherein the electrode is mounted on the shaft 
such that at an upper surface of the end of the electrode is substantially flush with the 
annular surface of the shaft that is adjacent the end of the electrode. 



35. A apparatus for ablating tissue, comprising: 
a shaft; and 

a tissue-ablating electrode mounted to the shaft, the electrode comprising an end 
portion and a middle portion, and having at least one energy-emitting area configured in 
30 a shape other than a coil, the electrode further comprising means for introducing edge 
effects in at least the middle portion. 
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33. 



An apparatus for ablating tissue, comprising: 
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